The influence of growth conditions on product formation from glucose by Lactococcus lactis strain NZ9800 engineered for NADH-oxidase overproduction was examined. In aerobic batch cultures, a large production of acetoin and diacetyl was found at acidic pH under pH-unregulated conditions. However, pyruvate flux was mainly driven towards lactate production when these cells were grown under strictly pH-controlled conditions. A decreased NADH-oxidase overproduction accompanied the homolactic fermentation, suggesting that the cellular energy was used with preference to maintain cellular homeostasis rather than for NADH-oxidase overproduction. The end product formation and NADH-oxidase activity were also studied in cells grown in aerobic continuous cultures under acidic conditions. A homoacetic type of fermentation as well as a low NADHoxidase overproduction were observed at low dilution rates. NADH-oxidase was efficiently overproduced as the dilution rate was increased and consequently metabolic flux through lactate dehydrogenase drastically decreased. Under these conditions the flux limitation via pyruvate dehydrogenase was relieved and this enzymatic complex accommodated most of the pyruvate flux. Pyruvate was also significantly converted to acetoin and diacetyl via K-acetolactate synthase. At higher dilution rates, acetate production declined and the cultures turned to mixed-acid fermentation. These results suggest that the need to maintain the cellular homeostasis influenced NADH-oxidase overproduction and consequently the end product formation from glucose in these engineered strains. ß
Introduction
The major end product of fermentation of milk sugar by Lactococcus lactis is lactate. However, under certain fermentation conditions the metabolic £exibility of this bacterium is increased and products other than lactate are formed. Previous work in our laboratory has shown that NADH-oxidation played a key role in the observed shift from homolactic to mixed-acid fermentation under aerobic conditions in L. lactis [8] . This shift could be strongly enhanced by overexpression of the Streptococcus mutans NADHoxidase (NOX) in L. lactis resulting in a complete rerouting of sugar metabolism [9] . One of the main changes observed was a drastic decrease of the metabolic £ux via lactate dehydrogenase (LDH). Fur-thermore, conditions were found leading to a complete suppression of lactate production in the NOXoverproducing strain. The absence of lactate production may have consequences not only at the level of NADH regeneration but also in the cellular energy economy since proton excretion coupled to lactate e¥ux supplied a signi¢cant quantity of metabolic energy to cells [13] . Furthermore, the H /lactatecoupled e¥ux in conjunction with the ATPase-mediated proton excretion provokes a decrease of intracellular pH. This drop of intracellular pH is necessary to maintain a low transmembrane pH gradient, which in turn is crucial to prevent a potential accumulation of anions in the cytoplasm provided that the relationship between the transmembrane pH gradient and intracellular anion accumulation is logarithmic [2] . Therefore the absence of lactate production by L. lactis may be a potential constraint to various aspects of lactococcal growth and metabolism and may also a¡ect the adaptation of L. lactis to environmental acidi¢cation.
In this paper we use batch and continuous cultures to control pH and growth rate under aerobic conditions so that the in£uence of these variables on end product formation by L. lactis strains engineered for NOX overproduction could be determined.
Materials and methods

Bacterial strains and plasmids
L. lactis strain NZ9800 [7] , harboring plasmid pNZ2600, was used throughout this work. Plasmid pNZ2600 is a derivative of pNZ8020 containing the water-forming NOX-encoding gene of Streptococcus mutans, nox-2 [10] , under control of the lactococcal nisA promoter [3, 4] . In the appropriate lactococcal background (strain NZ9800) this recombinant plasmid allowed the nisin-controlled expression of the encoded NOX [9] .
Batch and continuous aerobic fermentations
All experiments were carried out in 1-l vessels (Applikon Dependable Instruments, Schiedam, The Netherlands), with a working volume of 0.5 l. The vessels were connected to a Bio console (ADI 1035 Applikon) and both apparatuses were programmed using a bio-controller (ADI 1020). Medium was M17 [15] modi¢ed for L-glycerophosphate content (0.2% w/v). The cultures were adjusted and run at a constant air saturation of 80% by controlling the stirrer speed and the mass £ow meter as reported earlier [8] . Before inoculation media were supplemented with chloramphenicol (5 Wg ml 31 ). To obtain a controlled NOX overexpression, cultures were supplied with 0.2 U of nisin ml 31 at the onset of growth. For experiments run under pH-unregulated conditions, the pH-meter of the fermenter was switched o¡ and the pH was allowed to decrease until the end of growth.
For continuous cultivation, glucose (0.25% w/v) was used as the growth-limiting substrate. Dilution rates values (0.1^0.5 h 31 ) could be applied to the cultures by changing the pump rate of the medium inlet. For controlled NOX overexpression in continuous cultures, nisin (0.2 U ml 31 ) was added to the medium. The standard conditions were as follows: pH 5.8; air 80%; temperature 30³C.
Analysis of growth and fermentation products
Growth and growth rate were determined by measuring the increase in optical density at 600 nm (OD 600 ). Acetate, formate, lactate, ethanol and butanediol and residual glucose were measured by high performance liquid chromatography (HPLC) as described previously [5] . K-Acetolactate, acetoin and diacetyl were measured colorimetrically as described previously [5] .
Preparation of cell-free extracts and enzyme analysis
Cells collected from batch or continuous cultures (20 ml) were harvested at the end of the stationary growth phase (OD 600 of 1.3) or in steady state, respectively. Cell-free extracts were prepared from the pellets using a bead beater as described previously [8] . NOX activity in cell-free extracts was assayed spectrophotometrically by monitoring the decrease in absorbance at 340 nm as previously reported [8] . Protein concentrations were determined according to the Bradford method [1] with bovine serum albumin as standard.
Results
Metabolic shifts induced by nisin-controlled
NADH overproduction in pH-controlled and pH-uncontrolled batch aerobic cultures of L. lactis NZ9800
To investigate the e¡ect of pH control on the metabolism and adaptation to environmental acidi¢ca-tion of L. lactis NZ9800 harboring pNZ2600, aerobic batch cultures were run at acidic pH values (5.8) under pH-controlled or pH-uncontrolled conditions, besides the nisin necessary for induction. Extracts from cells cultured in media initially set at pH 5.8 but run under pH-unregulated conditions were used to determine the speci¢c NOX activity after induction with nisin. As expected the NOX from S. mutans was overproduced (Table 1 ) and according to our previous results [9] a pronounced shift from homolactic towards mixed-acid fermentation was observed. Products other than lactate amounted to 83.8% of the fermented glucose with 16.2% of the pyruvate converted to lactate, 19.7% to acetate and 58.6% to acetoin/diacetyl (Table 1) . However, cells of L. lactis NZ9800 harboring pNZ2600 growing in batch cultures constantly regulated at pH 5.8 surprisingly showed a homolactic type of fermentation. Thus products other than lactate amounted only to 31.3% of the fermented glucose with 4.4% of the pyruvate converted to acetate and 18.4% to acetoin/diacetyl, while lactate represented up to 68.7% of the fermented glucose. This homolactic pattern of glucose fermentation observed under pH-controlled conditions was accompanied by a decrease of NOX overproduction (Table 1) . In control experiments with non-induced cultures, the pattern of glucose fermentation was homolactic under both pH-regulated and pH-unregulated conditions ( Table 1 ). The carbon recovery in these batch fermentations is indicated in Table 1 and it was close to 100% in all cases. Reduction of acetoin to butanediol by acetoin and diacetyl reductase was not observed under aerobic conditions. This was probably due to the e¤cient regeneration of the NADH necessary for this reductase activity, by the NOX.
Aerobic metabolism of nisin-induced L. lactis NZ9800 harboring pNZ2600 in continuous cultures
It was previously reported that NOX activity of L. lactis is directly dependent on the imposed dilution rate and growth pH in continuous cultures [8] . To further investigate the e¡ect of controlled growth conditions on pyruvate £ux distribution in L. lactis NZ9800 harboring pNZ2600, NOX activity and end product formation were determined in glucose-limited continuous cultures run under aerobic controlled conditions at acidic pH (Table 2) . NOX-overproducing L. lactis strains growing at a low dilution rate (D, 0.1 h 31 ) converted 74% of the fermented glucose to acetate. The rest of the carbon source was converted to acetoin/diacetyl (11.3%) and lactate (14.7%) under these conditions (Table 2 ). In contrast to our expectations, at higher dilution rates (D = 0.3 h 31 ) pyruvate £ux via LDH was drastically reduced with lactate amounting only to 6% of the glucose consumed. The pyruvate excess created under these conditions was mainly accommodated by the pyruvate dehydrogenase complex (PDH) with 60% of the glucose con- verted to acetate. K-Acetolactate synthase (K-ALS) also competed e¤ciently for pyruvate as could be seen by the increase in neutral compound formation (acetoin/diacetyl amounting to 34% of the fermented glucose). This shift was accompanied by a remarkable increase on NOX overproduction (Table 2) . At higher dilution rates (D = 0.5 h 31 ), NOX overproduction declined resulting in an equilibrated £ux redistribution amongst the pyruvate-converting enzymes which were operative under these conditions (PDH, LDH, and K-ALS). Pyruvate formate lyase is well known to be inhibited by both oxygen and/or acidic pH. Thus 38.8% of the pyruvate was converted to lactate (via LDH), 26.9% to acetate (via PDH) and 35.2% to acetoin and diacetyl (via K-ALS). The carbon recovery in these continuous fermentations is indicated in Table 2 and it was close to 100% in all cases. Oxygen consumption ( s 15 mM O 2 ) by the overproduced NOX allowed a balanced fermentation without the need to produce lactate.
Discussion
Nisin-induced cells of L. lactis NZ9800 harboring pNZ2600 which overproduce NOX could respond to environmental acidi¢cation in di¡erent manners depending on the pH growth conditions (Fig. 1) . In batch cultures run under pH-regulated conditions, the observed fermentation was mainly homolactic. Previous work has shown that under pH-regulated conditions, L. lactis had a transmembrane pH gradient as high as 1.5 units at an extracellular pH of 5.8 [14] . To decrease its intracellular pH, L. lactis NZ9800 harboring pNZ2600 excreted large amounts of lactate (Table 1) . However, the H /lactate stoichiometry has been shown to be lower than 1 at pH values below 6.0, so in order to maintain a low pH gradient across the cell membrane a considerable activation of the H -ATPase is required [13] . It has been previously reported that ATPase-mediated proton excretion provokes a decrease of the intracellular ATP concentration [2] . This limitation may negatively a¡ect the e¤ciency of the NICE system in NOX-overproducing L. lactis strains, since the histidine kinase NisK, which acts as the sensor in the two-component regulatory system necessary for induction of transcription of genes cloned under the control of the nisA promoter [3, 4, 7] , undergoes an ATP-dependent autophosphorylation. This may explain the reduction of NOX overproduction observed in cells grown in media with controlled pH relative to those grown under pH-uncontrolled conditions (Table 1) . L. lactis cells growing under pH-unregulated conditions have been recently reported to decrease their intracellular pH and maintain a pH gradient of only 0.5 pH unit across the cell membrane at external pHs ranging from 7.5 to 5.5 [6] . The maintenance of a low pH transmembrane gradient would reduce the need for ATPase-mediated proton excretion with the subsequent increase in the cellular economy. This energy availability would allow the e¤cient NOX overproduction observed under pH-unregulated conditions (Table 1) . Although NOX overproduction drastically reduces the lactate production necessary to maintain a low transmembrane pH gradient, it provides the cell with a new mechanism with which to regulate the internal pH: neutralization of the medium building up neutral compounds (acetoin and diacetyl via K-ALS) ( Table 1) .
The e¡ect of dilution rate (D) on NOX activity and product formation in L. lactis NZ9800 harboring pNZ2600 was tested in aerobic continuous cultures run under acidic conditions. At low D values (0.1 h 31 ), the nisin-induced cells of L. lactis produced mainly acetate and showed a low NOX overproduction. The observed homoacetic fermentation at low D under aerobic conditions has been explained as a result of four mechanisms operating simultaneously, all driving pyruvate conversion via PDH. However, at higher dilution rates (D = 0.3 h 31 ), PDH could accommodate a much higher pyruvate £ux than would expected from previously reported data obtained with L. lactis MG1363 [10] ( Table 2 , results in parentheses). This higher acetate production results from the relief of the reported NADH inhibition on PDH activity [11] as a consequence of an e¤cient NOX overproduction (Table  2) . Acetate production is helped by the fact that PDH has a higher a¤nity for pyruvate than K-ALS [12] . At higher D values (0.5 h 31 ), L. lactis NZ9800 harboring pNZ2600 overproduced NOX less e¤-ciently (Table 2 ) and the cells turned to a mixedacid fermentation. A decrease in acetate production was observed relative to D = 0.3, as a result of the reported £ux limitation through PDH at high glycolytic £ux [12] . The pyruvate excess created under these conditions was accommodated by LDH due to a higher availability of reducing equivalents as a consequence of the mentioned decline in NOX overproduction.
In summary, the large production of acetoin and diacetyl usually observed in NOX-overproducing L. lactis strains under aerobic conditions is mostly replaced by a homolactic fermentation under strictly pH-regulated aerobic conditions. This metabolic shift suggests that the available energy is consumed with preference to maintain cellular homeostasis rather than for NOX overproduction under these conditions. In continuous aerobic cultures the £ux limitation through PDH observed in L. lactis at relatively high and high dilution rates [12] may be relieved by an e¤cient NOX overproduction.
